The rheological behavior of a very concentrated suspension (76.5 vol %), which serves as a widely used solid rocket fuel simulant, was characterized employing both torsional and capillary flows. No comprehensive studies of the rheology of concentrated suspensions have been carried out previously at such a high solids content. The suspension exhibited shear thinning over the apparent shear rate range of 3&3000 SC'. Significant slip at the wall was observed in both torsional and capillary flows with the slip velocity increasing from about 0.001 mm/s at a shear stress of 4 Pa to as high as 60 mm/s at 100 kPa. A flow visualization technique was applied for the first time to determine the wall slip velocities in torsional flow directly, to also provide the true deformation rate and feedback on yielding. The contribution of the slip of the suspension at the wall to the volumetric flow rate in capillary flow was found to increase with decreasing shear stress, giving rise to plug flow at sufficiently low shear stress values. The observed plug flow is related to the shear-thinning nature of the suspension and differs from the behavior of shear thickening suspensions, which may exhibit plug flow at high wall shear stress values, i.e., above a critical wall shear stress in capillary flow.
INTRODUCTION
Solid rocket fuels consist of energetic fuels and oxidizers, which are incorporated into a thermosetting or a thermoplastic elastomer matrix. The degree of fill of the solid ingredients is maximized to be as close as possible to the maximum packing fraction. The maximum packing fraction itself is increased to very high values by the tailoring of the particle shape and the size distributions of the solid ingredients, principally by employing bimodal and sometimes multimodal solid particle size distributions (Farris, 1968) . The concentration of solids in solid rocket fuels generally exceeds 70 vol %.
In this study the rheological behavior of a concentrated suspension, which serves as a solid rocket fuel simulant was characterized. The simulant was developed on the basis of matching the binder (except for the curing additive), the volume fraction and the particle size distribution of solids, with those of a widely used solid rocket fuel formulation. Only a few studies have aimed to investigate the rheology and the microstructure development behavior of solid rocket fuels, their simulants or concentrated suspensions with such high solids content. They include the rheological char- acterization of two solid rocket fuels by Miller et al. ( 1991) and the magnetic resonance imaging emphasized study of Sinton and Chow ( 1991) , employing the Poiseuille flow of density matched suspensions of poly (methylmethacrylate), at loading levels smaller than 52 vol %. The rheological characterization study of Miller et al. ( 1991) covered only the low deformation rates of torsional flows and ignored the slip at the wall effects.
Investigations of the rheological behavior of concentrated suspensions have been generally restricted to solid concentrations, which were below 64 vol %. The findings of these studies are reviewed in Jeffrey and Acrivos ( 1976) , Mewis and Spaull ( 1976) , Hoffman (1982) , Metzner (1985) , Kamal and Mute1 (1985) , Khan and Prud'homme ( 1987) and Barnes ( 1989) . The majority of the studies have utilized the Couette flow [Lewis and Nielsen ( 1968) , Kao et al. ( 1975) , Gadala-Maria and Acrivos ( 1980) ) and Boersma et al. ( 1991) ]. The migration of the particles in Couette flow were documented by Leighton and Acrivos ( 1987) and Abbott et al. ( 1991) .
In spite of the industrial importance of the rheological behavior of concentrated suspensions, only a few studies have utilized multiple rheometers to characterize the rheological behavior of suspensions over a broad deformation range [Metzner and Whitlock (1958) , Lobe and White (1979) , Windhab and Gleissle (1984) , Tsai and Viers (1987) and ]. Among these, only have incorporated the essential slip at the wall corrections besides characterizing the wall slip velocity versus the shear stress behavior of the suspension over a broad shear stress range.
This present study is the first investigation of the rheological behavior of a suspension with such a high solids loading level (76.5 vol %). This very high solids loading level significantly extends the ranges used by earlier authors. Multiple rheometers are employed and the wall slip behavior is characterized. Although the suspension is designated as a solid rocket simulant, the findings of this study are not relevant only to the solid rocket industry. Such highly filled materials, with similar solid loading levels, are encountered in other industries, including ceramics, detergents and soaps, batteries, some composites, recycled compounds, and masterbatches.
EXPERIMENT Materials
The formulation of the concentrated suspension is shown in Table I . The matrix consisted of hydroxyl terminated polybutadiene, HTPB, (R45M supplied by Atochem) and di-octyladipate, DOA, which is an antioxidant. The number average molecular weight and the degree of polymerization of HTPB were 2800 and 30, respectively. The storage modulus values of the matrix are about one order of mag- nitude smaller than its loss modulus values. At 57 "C, the storage and loss modulus values increase from 0.3 to 49 Pa and 13 to 510 Pa, respectively, in the 10 to 400 rad/s range. The magnitude of the complex viscosity remains constant at 1.3 Pa s over the same frequency range.
The solid ingredients were supplied and characterized by Naval Ordinance Station, Indian Head, Maryland. The solids consisted of aluminum and ammonium sulfate. The aluminum exhibited a mean particle size of 20 pm, and 90% of the aluminum particles were smaller than 29 pm. The ammonium sulfate was bimodal in its particle size distribution. The coarse fraction of ammonium sulfate consisted of 75% of the total ammonium sulfate. The mean particle sizes of the coarse and fine ammonium sulfate fractions were 200 and 20 pm, respectively. A scanning electron micrograph of the solid fraction is shown in Fig. 1 .
Preparation of the suspension sample
A twin screw extruder with a screw length to diameter ratio of 15, MP50, available from APV Chemical Machinery of Saginaw, Michigan, was employed for preparing the concentrated suspension. A vacuum port was installed and employed in conjunction with specially designed devolatilization elements, "ball wings," for the removal of the air, which is entrained into the suspension during processing. Recently, the en-trainment of air into concentrated suspensions was shown to be a major factor, which significantly affects the rheology and the processing of concentrated suspensions (Kalyon et aI., 1991) .
To prevent the initial agglomeration of ammonium sulfate particles, the moisture content of the ammonium sulfate was reduced to below O-l%, before it was placed into the hopper of the loss-in-weight feeder. The moisture content of the ammonium sulfate in the hopper was monitored by employing a humidity analyzer. The conditions of the suspension preparation, including screw configuration, temperature (57.2 "C) and screw speed (43 rpm), were kept the same in all of the experiments. The density of the prepared suspension sample was found to be 1627 kg/m3 (with typical 99 percent confidence intervals of f 20 kg/m3), which was sufficiently close to the theoretical density of 1683 kg/m3.
RHEOLOGICAL CHARACTERIZATION Steady torsional and capillary flows
The collected suspension samples were characterized at 57 "C, employing both rotational and capillary rheometers. This temperature is the typical continuous processing temperature of this suspension. A Rheometrics System IV was used for rotational viscometry with the parallel disk fixtures of 25 mm radius. At each shear rate a fresh sample was used and the preshearing of the suspension was avoided. The sample loading procedure was kept the same for all the experiments. The parallel disk torsional flow experiments were carried out employing various gap heights in the 2 to 4 mm range. Multiple gap heights were used for determining and incorporating slip at the wall corrections (Yoshimura and Prud'homme, 1988 and . The wall slip velocities and the true deformation rate of the suspension during steady torsional flow were also determined employing a flow visualization technique.
The capillary rheometer experiments were carried out by employing an Instron Universal Tester in conjunction with an Instron Capillary.Rheometer. Multiple capillaries were used in order to determine wall slip velocities (Mooney, 1931) . Most of the wall slip corrections were carried out, employing capillaries with a length/ diameter ratio of 57.6 and inner diameters varying between 1.3 and 3.1 mm. Our overall experimental approach in the characterization of concentrated suspensions aims to eliminate the prestructuring of the suspension, which can arise from preshearing or the imposition of a pressure history (other than the extrusion pressure). Thus, only one deformation rate was run for each barrel filling. The use of such procedures in torsional and capillary flows is very labor intensive but is necessary for ensuring consistency ( Kalyon and Yilmazer, 1990) .
No attempt was made in the capillary and steady torsional flows to eliminate wall slip, employing roughened or grooved rheometer surfaces. The wall slip behavior of a suspension, characterized in terms of the slip velocity versus the wall shear stress relationship, can be employed, not only for correcting the rheological data for wall slip but can also be utilized in the simulation of the extrusion flows, subject to Navier's wall slip condition (Ji et al, 1990; Lawal et a[., 1992) .
Oscillatory shear flow
To gain a better understanding of the time dependent behavior of the concentrated suspension, oscillatory shear experiments were also carried out with the parallel disk fixtures of the Rheometrics System IV. In these experiments serrated disposable disks with 35 grooves with a depth of 0.4 mm, distributed evenly around the circumference of the disks, were used to prevent wall slip in oscillatory shear. The use of grooved surfaces was shown to prevent wall slip by Magnin and Piau ( 1990) , which was also found to be effective in our study on the basis of flow visualization results.
The oscillatory shear data were collected over the strain magnitude range of 0.1% to 10% and the frequency range of 0.05 to 100 rad/s. Over this entire range the shear stress response was found to be nonsinusoidal. Thus, no material functions associated with linear viscoelasticity could be characterized. Miller et al. ( 1991) reported that an energetic propellant suspension, which was formulated with the same solids concentration and the same binder, HTPB, also generated a nonsinusoidal shear stress response. Under conditions where the shear stress response is not sinusoidal material functions associated with linear viscoelasticity, i.e., the storage and loss modulus, etc., cannot be determined. Since the characterization of the nonlinear behavior, using either the Fourier analysis (Onogi et al., 1970) or with shear stress versus rate of strain loops (Tee and Dealy, 1975) is outside the scope of this study, no further discussion of oscillatory shear will be made here.
RESULTS AND DISCUSSION
Typical shear stress versus time data collected upon the inception and cessation of steady torsional flow at the apparent shear rates of 0.005 to 0.1 s-l are shown in Figs A slight stress overshoot is observed at the highest apparent deformation rate of 0.1 s-l. On the other hand, the shear stress increases monotonically to steady values at the smaller deformation rates of 0.005 to 0.05 s-l. At higher deformation rates, the suspension sample can no longer be kept conserved within the gap between the two parallel disks. The shear stress relaxation following steady shear behavior at apparent shear rates of 0.005 to 0.1 s-' is shown in Fig. 3 . Upon the cessation of steady shear, the shear stress decreases precipitously to around 4-20 Pa.
The shear stress growth and the shear stress relaxation upon cessation of steady shear may be utilized to determine the yield stress values of viscoplastic materials (Nguyen and Boger, 1992) . The data presented in Fig. 3 indicate that the suspension appears to exhibit a small yield stress value in the range of 4-20 Pa, if the residual, "limiting" shear stress exerted by the fluid upon the cessation of the steady shear tlow is taken to represent the yield stress (Keentok, 1982) . The value of the limiting stress should be insensitive to the deformation rate. However, as noted by Magnin and Piau (1990) , in the presence of wall slip, the limiting stress becomes a function of the imposed deformation rate (as seen in Fig. 3) , which complicates the determination of the yield stress value.
The wall slip effects in torsional flows can be corrected by collecting the steady torsional data, as a function of the gap separation (Yoshimura and Prud'homme, 1988) . Here, we also utilized a second direct flow visualization technique to monitor and correct for wall slip and for the determination of the true deformation rate in the suspension. In the direct visualization technique, a straight line marker is placed on the two disk surfaces and the free surface of the suspension. As shown in Fig. 4 , the straight line marker is drawn from disk to disk, passing through the free surface of the suspension, before the initiation of the deformation by the angular displacement of the top disk. An ivory black, oil-based paint, PIIS, available from Grumbacher, was employed in conjunction with an elliptical polyethylene filament to place the marker line. The width of the marker line was about 1 mm.
MARKER
The shape and the boundaries of the marker line, upon deformation of the suspension in torsional flow, provide direct evidence to the wall slip. Such direct photographic techniques were used earlier by Kao er al. ( 1975) to observe plug flow and the occurrence of wall slip in the Couette flow of a suspension consisting of 60 vol % of solid spheres in a Newtonian fluid. Nagase and Okada (1986) have used a Bow visualization technique for investigating yielding in cone and plate flows of suspensions of sodium-bentonite and kaolin-CaC03 in water. Piau ( 1987, 1990) have employed a similar photographic technique to assure that the wall slip and fracture effects were absent in shear rheometry of silicone greases and to determine the true deformation rates in cone and plate flows of aqueous gels. In Fig. 4 are shown the initial configuration of the straight line marker and the typical shape it assumes, upon the deformation of the suspension in steady torsional flow at an apparent shear rate of 0.05 s-1, in conjunction with a gap separation of 3 mm. This particular run was carried out at ambient temperature to allow the continuous filming of the deformation. Upon steady shearing, discontinuities at the top and bottom disks are observed, indicating wall slip. From this simple experiment a number of important conclusions can be drawn. First, this experiment provides the direct proof of the occurrence of wall slip. The suspension slips to the same degree at the two disk surfaces, where the shear stress is also the same. The direct visualization experiment can also be employed to determine the true deformation rate in the suspension. Furthermore, in conjunction with shear stress versus imposed strain data, it can be used to investigate whether the suspension exhibits a yield stress or not.
The true deformation rate of the suspension sample is smaller than the apparent deformation rate, imposed by the rotation of the upper disk at a rate determined on the basis of the no-slip assumption, The visual data clearly show that if the wall slip corrections are neglected, the shear viscosity of the suspension would be significantly underestimated. The analyses of the complete data indicate that the suspension continues to deform as long as the shearing stress is applied at this apparent shear rate of 0.05 SC', indicating that the steady shear stress value is above the yield stress. Finally, the availability of such visualization data facilitates the direct determination of the wall slip velocity versus the shear stress behavior and the true deformation rate in the suspension. Such a technique thus renders the collection of gap dependent torsional data redundant. It is interesting to apply the direct visualization technique to very small deformation rates at which the shear stress values may be smaller than the limiting stress values exhibited by the suspension upon the cessation of steady shear flow, as reported in Fig. 3 . This experiment is thus relevant to the discussion regarding whether the yield stress is a myth or not (Barnes and Walters, 1985) . The shear stress versus time behavior upon the inception of an apparent shear rate of 0.001 SC' and the corresponding visualization results are shown in Figs. 5 and 6.
The shear stress versus time data pertaining to an apparent shear rate of 0.001 s-' as reported in Fig. 5 , indicate that the shear stress increases at diminishing rates up to a maximum shear stress of about 9 Pa at 300 s. The shear stress decreases in the next 2400 s toward an asymptotic value. The flow visualization results shown in Fig. 6 indicate that the suspension deforms only for a total duration of 300 s, during which the shear stress increases with increasing shear strain up to a total strain of 0.18. This deformation is followed by complete slip at both walls for a further 40 min, where the initial deformation of the bulk of the suspension sample is conserved. The final strain imposed on the suspension sample at the end of the experiment is again 0.18, i.e., the same as the strain imposed at the end of 300 s. Therefore, no further deformation of the bulk of the suspension occurs in this time interval.
The fact that the suspension does not deform in this range indicates that the imposed shear stress values are below the yield stress, thus suggesting viscoplasticity. This simple experiment demonstrates that it is not advisable to decide on whether a yield stress exists or not on the basis of solely the shear stress versus shear rate data, without the benefit of flow visualization experiments. The suspension may simply be slipping at the walls of the rheometer without the deformation of the bulk of the suspension. The uncorrected shear stress versus shear rate behavior of the suspension in steady torsional flow is shown in Fig. 7 . Tbe data of the torsional flow were collected by employing three gap separations. The shear stress values increase with increasing gap separation, at a constant apparent shear rate.
The dependence of the data on the gap separation suggests sensitivity to the surface to volume ratio of the geometry being utilized. This behavior is thus indicative of the presence of wall slip in torsional flow, as also demonstrated earlier with the flow visualization technique. In parallel disk torsional flows the apparent shear rate at the edge, jot, is related to the true shear rate at the edge, corrected for slip and Rabinowitsch effects, PR, as (Yoshimura and Prud'homme, 1988) ( 1) where US is the slip velocity and H is the gap height. The true shear rate PR and the slip velocity U, are functions of the shear stress at the edge, 5-R. The apparent shear rate at the edge, ya~, is determined from where n is the angular velocity of the upper disk relative to the lower disk and R is the radius of the disk. The shear stress at the edge, 'rR, is given by 'R=&(3+=).
where Y is the torque required to rotate the upper disk. The function d In Y/d In fQR is dependent on the gap height (Yoshimura and Prud'homme, 1988) . Equation ( 1) indicates that the dependence of the slip velocity at the wall on the shear stress can be determined by plotting the apparent shear rate versus the reciprocal gap height, l/H, at constant values of shear stress. The slopes of the shear rate versus l/H lines are equal to 2U,, where US is the shear stress dependent slip velocity at the wall. Such plots were prepared and the correlation coefficients of the least-square linear regression fits varied between 0.998 and 1.0. The slip velocity values determined as a function of the shear stress values are shown in Fig. 8 , along with the slip velocity values calculated from capillary flows to be discussed later and the slip velocity values determined by employing the flow visualization technique. As noted earlier, the flow visualization technique, which hitherto has been used only to detect wall slip, can be employed to directly characterize the wall slip velocity versus the shear stress relationship in torsional flows. The flow visualization experiments facilitate the determination of the velocity of the suspension found adjacent to the wall, Vf, as a function of time during deformation. The slip velocity at the wall, V,, can be determined directly from where V, is the wall velocity. The magnitude of the slip velocity vector determined at various shear stress values in steady torsional flows are shown in Fig. 8 . Here, two sets of wall slip velocity data, i.e., those arising from the analyses of gap separation dependent data following Fq.
( 1) and the direct determination of the wall slip velocity values using the flow visualization technique, from Eq. (4), are compared. The agreement emphasizes the potential of the flow visualization technique in characterizing the slip velocity versus shear stress behavior, together with the determination of the true deformation rate imposed on the suspension during torsional flow. The wall shear stress versus the apparent shear rate behavior of the suspension in capillary flow is shown in Fig. 9 . In capillary Bow the wall shear stress versus the apparent shear rate behavior is affected by the diameter of the capillary employed. The wall shear stress values decrease with decreasing capillary diameter at a constant capillary length over diameter ratio. The typical 95% confidence intervals of the shear stress values determined according to Student's-T distribution are also shown in Fig. 9 .
For each capillary, flow instabilities at the low apparent shear rate range were observed. The flow instabilities are associated with the time-periodic formation and break-up of mats of the solid filler, at the entrance to the capillary, and the concomitant time-periodic filtration of the polymeric matrix. The ranges of shear rates at which flow instabilities are observed for each capillary are indicated in Fig. 9 , where the line A-A' denotes the maximum deformation rate for each capillary, below which flow instabilities are observed.
Such flow instabilities observed in the capillary flows of concentrated suspensions typically occur in the relatively low wall shear stress range . Generally, the critical value of wall shear stress, below which the flow instabilities occur, is dependent on the capillary diameter. It decreases with increasing capillary diameter as shown in Fig. 9 . The flow instability behavior of this suspension will be discussed in detail elsewhere (Yams et ol., 1992) .
In the stable capillary flow region the slip velocity can be determined as follows. The apparent shear rate at the wall, *i,= 8 V/D is given by Mooney ( 1931): where D is the capillary diameter, V is the average velocity of the suspension in the capillary, ~12 is the shear stress, rR is the shear stress at the wall, p is the true shear rate, and US is the slip velocity at the wall. In order to obtain the slip velocity as a function of the shear stress at the wall, the apparent shear rate is differentiated with respect to 1/D at constant rR yielding (Mooney, 1931) 
The true shear rate at the wall, jR, (corrected for slip and Rabinowitsch effects) is found to be (Yilmazer and Kalyon, 1991) ?R=
where Q, is the volumetric flow rate due to slip and is iven by Q,= (r/4) dU, and Q is the total volumetric flow rate given by Q= (7r/4) J V. This analysis applies when the slip velocity is smaller than the average velocity of the suspension and, thus, when Q, is less than Q. When Q, is equal to Q, i.e., Us is equal to V, the suspension flows only due to slip (without being deformed and, hence, as a plug), lubricated at the wall with a slip layer. In our work the slip analysis of the capillary flow data was limited to the region in which the shear stress values increase with increasing apparent shear rate. The range, where the shear stress versus shear rate curves are parallel to the shear rate axis, was excluded from the analysis. At the relatively high shear stress values the errors associated with the entrance and the exit effects are small, as determined experimentally in this study.
To determine the slip velocities, the apparent shear rate was plotted against the reciprocal capillary diameter, l/D, at constant shear stress at the wall values. The correlation coefficients of the least-square linear regression fits were in the range of 0.988 to 0.996, validating the linearity of the apparent shear rate versus reciprocal diameter at constant wall shear stress relationship, expected on the basis of Mooney analysis. The slopes of the linear regression lines are equal to SU, as implied by Eq. 
the least-squares linear regression analysis generates a slip coefficient, a, of 7.4~ 1O-4 mm/(Pa s), with a correlation coefficient of 0.988. Although the correlation coefficient for the entire data set is close to unity, it can be argued that the individual slopes representing the wall slip data arising from the torsional flows and capillary data are different, possibly suggesting differences in slip mechanisms associated with the homogeneous, pure drag based torsional flow and the pressure induced, inhomogeneous capillary flow.
The mechanism of slip in concentrated suspensions is envisioned to occur on the basis of "apparent slip" (Cohen and Metzner, 1985) . In the apparent slip mechanism of concentrated suspensions, the migration of the solid particles away from the wall generates an essentially particle-free "slip layer" adjacent to the capillary wall with a thickness 6 Wand, 1948). The thickness of the lubricating slip layer can be determined as s = Us~JT~ (9) on the basis of the dynamics of fully developed, incompressible, multiphase, and isothermal flow. The slip layer is assumed to be Newtonian with a shear viscosity, 77, The shear viscosity of the suspending medium, i.e., the binder liquid in our study, may be taken as 1.3 Pa s at the temperature of the rheological characterization. If the slip layer consists solely of the binder and the linear relationship of Eq. (8) is assumed to hold, the typical thickness of the slip layer is around 1 pm, in the shear stress range over which the slip coefficient is determined. Considering that the sizes of the solid particles varied between 20 and 200 pm, the slip layer thickness is a small fraction of the particle diameter. This is consistent with earlier findings on other types of concentrated suspensions . If the slip coefficient a becomes a function of the wall shear stress, then the slip layer thickness should also be a function of the shear stress. The combined shear stress versus the true shear rate data, corrected for slip and Rabinowitsch effects, are shown in Fig. 10 shear thinning behavior over the shear rate range of 30 to 3000 s-l. The shear stress versus shear rate data exhibit two different slopes at the low and the high shear rate regions, suggesting the applicability of a bi-region model along the purely viscous approximation of the Bingham Plastic fluid, suggested by Lipscomb and Denn ( 1984) . However, the lack of data in the moderate shear rate range, due to the presence of flow instabilities in capillary flow, preclude the selection of a definitive constitutive equation If the viscoplastic Herschel-Bulkley equation is used only to fit the data arising from the capillary flow the parameters of the Herschel-Bulkley Equation, i.e., the shear rate sensitivity parameter, n, and the constant m, are 0.37 and 10 300 Pa s'.~', respectively.
Diameter and shear stress dependence of 0,/O
The values of Q,/Q are of interest, since this ratio represents the contribution of slip to the overall volumetric flow rate. Figure 11 shows the experimental values of the Q,/Q ratio, determined from Qs us 8us -=-=-Q V DCz' (10) versus the wall shear stress rR for various capillary diameters. The results indicate that the ratio Q/Q decreases with increasing capillary diameter. With decreasing shear stress, QJQ increases and approaches unity. This behavior of increasing Q,/Q with decreasing shear stress is associated with the shear thinning nature of the suspension. Q/Q values are known to increase with increasing wall shear stress, rR, for shear thickening suspensions (Yilmazer and Kalyon, 1991) . The dependence of the Q/Q ratio on the rheological behavior of the suspension can be determined. For example, for the Herschel-Bulkley fluid the total volumetric flow rate in the capillary is given by Q=Qs+?rR3 (z)'
where rR= -(dP/dz) (R/2), A= (r~-ro)/rR, Q,= UsrrR2, and s= l/n. Furthermore, TO is the yield stress and n is the shear rate sensitivity parameter of the Herschel-Bulkley fluid. R is the capillary radius. Equation ( 11) reduces to the expression for the volumetric flow rate of Herschel-Bulkley ( 1926) fluids in capillaries, as reported by Froishteter and Vinogradov (1980) , when U,=O. The predictions of Eq. ( 1 1 ), for ?R)ro, are shown in Fig. 11 using the experimentally determined Q, and the parameters m and n given earlier. The results indicate plug flow, in conjunction with wall slip, below a diameter dependent critical wall shear stress.
The dependence of the QJQ on the shear sensitivity parameter n can be shown qualitatively by simplifying Eq. ( 11) by considering the special case where U,=aTR and r,+ro (as also considered for the Power Law fluid of Ostwald-de-Waele by Cohen, 1981) : (12) For shear thinning fluids like this suspension, n < 1 (S > l), Q,/Q decreases with increasing wall shear stress. On the other hand, for shear thickening suspensions, i.e., n > 1 (S < 1 ), Q,/Q will increase with increasing wall shear stress according to Eq. ( 12), as also experimentally observed by Yilmazer and Kalyon ( 1991) , for a shear thickening suspension. For dilatant suspensions, in the absence of the apparent slip mechanism, the driving pressure necessary to extrude the suspension through a capillary would reach very high values above a critical apparent shear rate. On the other hand, with the apparent slip mechanism the dilatant suspension can flow like a solid plug lubricated by a slip layer at the wall, while still exhibiting moderate wall shear stress, i.e., pressure drop, values (Yilmazer and Kalyon, 1991) .
Consequently, for the shear thinning concentrated suspension of this study, the plug flow in the capillary occurs for wall shear stress values which are smaller than 10 000 to 20 000 Pa (depending on the capillary diameter). Under such a plug flow regime, the bulk of the suspension is solid-like and does not deform during capillary flow. The volumetric flow rate occurs as a result of the presence of the matrix rich region, i.e., the apparent slip layer at the wall.
CONCLUDING REMARKS
This study further demonstrates the difficulties associated with the characterization of the rheological behavior of concentrated suspensions as the volume fraction of the solids is increased to levels, close to the maximum packing fraction. This can be illustrated by the comparisons of the behavior of the suspension containing 60 ~01% solids, which we have reported earlier (Yihnazer and Kalyon and Yilmazer, 1990 ) and the suspension containing 76.5 vol % solids reported here. These comparisons reveal a number of differences.
( 1) The shear stress versus the shear rate behavior of the suspension containing 60 ~01% solids could be characterized over the entire shear stress range of 100 to 200 000 Pa, without interruptions. The presence of flow instabilities in the capillary flows of the suspension containing 76.5 vol % solids prevented the uninterrupted collection of the shear viscosity and the wall slip velocity data over a broad shear stress range.
(2) The diameter-dependent flattening of the flow curve, at the relatively low apparent deformation rates in capillary flow, was observed for the suspension containing 76.5 vol % solids. This is thought to be a result of geometry and deformation rate dependence of the slip layer thickness. This behavior was not observed for the suspension with the 60 vol % solids.
(3) The suspension containing 76.5 vol % solids was shear thinning in the high shear stress range of 30-100 kPa. This gave rise to the contribution of slip to the total volumetric flow rate, Q/Q, to decrease with increasing shear stress and plug flow to take place (i.e., Q/Q ratio equal to one) at the relatively low wall shear stress values in capillary flow. However, the suspension containing 60 ~01% solids studied earlier exhibited shear thinning followed by shear thickening with increasing wall shear stress and gave rise to plug flow above a critical wall shear stress.
This study also demonstrates the vitality of the flow visualization techniques in understanding the rheological behavior of concentrated suspensions. Especially in the area of yield stress determination, the flow visualization techniques enable the accurate determination of the rate of deformation imposed on the sample at a given shear stress. In this study we have expanded this technique to determine directly the wall slip velocity versus shear stress behavior of the suspension in torsional flows. The adoption of this method in torsional flows will eliminate the need for the collection of gap dependent torsional flow data.
This study also points at various areas in which a lot more needs to be done to gain a better understanding. Examples include the development of plug flow and its dependence on the shear rate sensitivity of the suspension, and the development of the apparent slip layer and its dependence on geometry and the deformation field. The detailed study of the development of the microstructural distributions as a function of the thermomechanical history imposed on the suspension during rheological characterization will provide some of the necessary answers in this interesting but little investigated area.
